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PREFACE

This technical report was prepared by the Center for Information and

Numerical Data Analysis and Synthesis (CINDAS), Purdue University, Vest

Lafayette, Indiana, under the auspices of the Office of Standard Reference Data

of the National Bureau of Standards (MIS). Department of Coemmerce, Washington,

D.C.

This report represents the most exhaustive compilation and critical evalu-

ation of the recorded world knowledge on the electrical resistivity of aluminum

and manganese and is one of a series of technical reports on the electrical re-

sistivity of selected elements. The literature search and data compilation

have been done in a most extensive and detailed manner, making it possible for

all users of the subject to have access to the original data without having to

duplicate the laborious and costly process of literature search and data ex-
traction. Also, for the active researchers in the field, a detailed discussion

is presented for each material, reviewing the available data and information,

giving details of data analysis and synthesis, and discussing the considera-

tions involved in arriving at the final recommended values.

It is hoped that this work will prove useful not only to the engineer, and

scientists in the field but also to other engineering research and development

programs and for industrial applications, as it provides a wealth of knowledge

heretofore unknown or inaccessible to many. In particular, it is thought that
the cr~tioal evaluation, analysis and synthesis, &ad reference data generation

constitute a unique aspect of this work.

Although this report is primarily the result of financial support and

interest of the MIS Office of Standard Reference Data, the extensive documen-

tary activi~ty essential to this work was supported by the Defense Logistics

Agency 9f t)ke Department of Defense. Thanks are due Dr. ff. 3. White. Jr., of

the NBS Office of Standard Reference Data for his guidance, cooperation. and

sympathetic understanding during the course of this work.
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ABSTRACT

This work compiles, reviews, and discusses the available data and informa-

tion on the electrical resistivity of aluminum and manganese and presents the

recommended values resulting from critical evaluation, correlation, analysis,

and synthesis of the available data and information. The recommended values

presented are uncorrected and also corrected for the thermal expansion of the

material and cover the temperature range from I I to above the melting point

into the molten state for aluminum and to 700 K for manganese. The estimated

uncertainties in most of the recommended values are about ±2% to ±t$S.

Key Words: aluminum; manganeses conductivity; critical evaluation; data

analysis; data compilation; dLca synthesis; electrical conductivity; electrical

resistivity; elements; metals; recommended values; resistivity.
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NOMENCLATURE

A Constant in Eqs. (3b) and (8)

o Impurity concentration

C Constant in Eq. (3a)

0 Base of natural logarithm

h Planck constant divided by 2x

k Boltzmann constant

L Length of specimen at T

L0  Length of specimen at T

AL AL-L-L 0

M Atomic weight

RRR Residual resistivity ratio

T Temperature

T Reference temperature

z z - he/kT

a Constant in Eqs. (7) and (8)

A Deviation from the Matthiessen's rule

0D  Debys temperature

*R  Characteristic temperature for intrinsic electrical resistivity

p Electrical resistivity

P0  Residual electrical resistivity

P Electrical resistivity due to electron-electron scattering

Pi Intrinsic electrical resistivity

0 Phonon angular frequency



1. INTRODUCTION

The principal objective of this project was to exhaustively compile,

critically evaluate, analyze, and synthesize all the available data and infor-

mation on the electrical resistivity of a large number of selected elements and

to generate recommended values over a full range of temperature from 1 K to the

melting point and beyond. The results on the electrical resistivity of alumi-

num and manganese are presented in this work (for manganese the recommended

values cover the temperatures up to 700 K only), which is one in a series of

similar works on the electrical resistivity of selected elements, some pub-
1-3

lished *The comprehensive study of the electrical resistivity of the ele-

ments at the Center for Information and Numerical Data Analysis and Synthesis

(CINDAS) has been a continuation of a similar extensive work on the thermal

conductivity of the elements4

The general background information on this work is given in Section 2,

which includes a brief introduction to the theory of the electrical resistivity

of metals and a detailed explanation of the specifics and conventions used in

the presentation of the data and information.

The experimental data and information and the recommended values for the

electrical resistivity of the two elements are presented in Section 3. In the

discussion of the electrical resistivity of each element, individual pieces of

available data and information are reviewed, details of data analysis and syn-

thesis are given, the considerations involved in arriving at the final assess-

ment and recomendation are discussed, the recomended values and the experi-

mental data are compared, and the uncertainties in the recommended values are

stated. The recommended values uncorrected and corrected for the thermal ex-

pansion of the material are both presented in this section. The values cover

the temperature range from 1 K to above the melting point for aluminum and to

700 K for manganese.

The last three sections are for acknowledgments, appendices, and refer-

ences. There are two appendices given. The first appendix presents a logical

organization of the methods for the measurement of electrical resistivity. The

methods are designated with respective code letters and the same code letters

are used in the 'Method Used' column of the Table of Measurement Information

for indicating the experimental methods used by the various authors. The
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second appendix presents conversion factors for the units of electrical resis-

tivity. which may be used to convert easily the electrical resistivity values

in the SI units Siven in this work to values in any of the several other units

listed.
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2. GENERAL BACKGROUND

2.1. Theoretical Background

It was found experimentally by Matthiessen 5 . 6 that the increase in the

electrical resistivity of a metal due to the presence of a small amount of

another metal in solid solution is independent of the temperature. According

to this Matthiessen a rule, the total electrical resistivity of an impure metal

may therefore be separated into two additive contributions and written in the
form

p(cT) - p0 (c) + Pi(T) (1)

where p0 is the residual resistivity caused by the scattering of electrons by

impurity atoms and lattice defects and is temperature-independent but dependent

on the impurity concentration, c, and p is the temperature-dependent intrinsic

resistivity arising from the scattering of electrons by lattice waves or

phonons.

In reality, however, deviations from Matthiessen's rule do occur. Thus,

in general the electrical resistivity of an impure metal is given by

p(c,T) -p 0 (c) + Pi(T) + A(c,T), (2)

where A is the deviation from the Matthiessen's rule.

The intrinsic electrical resistivity which is due to scattering of elec-

trons by phonons may be approximated by the Bloch-Grineisen formula 7'8

5 Six
P - 0R / T(3a)

=Al-I j , (Sb)J 0 (e-1)2

where C is a constant characteristic of the metal and proportional to the

square of the electron-phonon interaction constant, M is the atomic weight, 0R

is a characteristic temperature of the metal which characterizes its intrinsic

electrical resistivity in the same way as the Debye temperature, D a character-

izes its lattice specific heat, and A - C/ 1 R . The dimensionless variable of

integration x - ho/kT, where h is the Planok constant divided by 2x, * is the

M1



phonon angular frequency, and k is the Boltzmann constant. The derivation of

Eq. (3) is based on the simplifying assumptions that the Fermi surface is

spherical, that the conduction electrons can be treated as free in the first

approximation, that the spectrum of lattice vibrations is that of the Debye

model, that the phonon distribution is essentially undisturbed by the scatter-

in$ processes, and that electron-phonon Umklapp processes can be ignored. Con-

sequently, it is perhaps most reasonable to expect the Bloch-Grumeisen formula

to agree with experiment in the case of monovalent metals. Nevertheless, the

intrinsic resistivity of many metals can be well represented by Eq. (3) over a

wide temperature range by a suitable choice of 0R and C, though no single val-

ues of 0 can fit the data at all temperatures.

At low temperatures (T 1 0R/20), Eq. (3a) reduces to

-, (4)

while at high temperatures (T >) R), to a good approximation, it reduces to

Pi ~ 101 •(5)

Thus it agrees with the experimental facts that at very low temperatures the

intrinsic or ideal electrical resistivity (after subtracting p0 from p) of most

metallic elements is proportional to T5 which is attributed to electron-phonon

intraband scattering, and at high temperatures the resistivity of most metals

increases approximately linearly with temperature.

In separating the electrical resistivity into its components, the tem-

perature dependent part sometimes includes the electrical resistivity due to

electron-electron scattering, pe; indeed, this is thought to'be the dominant

temperature-dependent term in transition metals at low temperatures. That is.

P = P0 + P + Pi(T). (6)

As in the case of the scattering of electrons by phonons, electron-

electron collisions are of two types: normal processes in which the total wave

vector is conserved, and Umklapp processes in which the total wave vectors be-

fore and after the collision differ by a reciprocal lattice vector. On the

other hand, unlike electron-phonon Unklapp processes which are frozen out at
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low temperatures if the Fermi surface is everywhere clear of the zone boundary,

electron-electron Umklapp processes are not frozen out at low temperatures.

Normal processes, involving the collision between two s-band conduction elec-

trons, do not contribute directly to the electrical resistivity because they do

not change the total momentum and thus have no effect on the current. Normal

processes involving the scattering of an s-band conduction electron by a non-

conducting d-band electron do contribute to the electrical resistivity, and are

thought to be the dominant temperature-dependent resistive processes in transi-

tion elements and their alloys at very low temperatures, since their resistivi-

ties show the T2 temperature dependence expected for electron-electron scatter-

ing rather than the TS temperature dependence expected for the intrinsic resis-

tivity. This temperature dependence of the electrical resistivity due to

electron-electron scattering:

Pe = sT2  (7)

comes about through the double application of the exclusion principle in the

scattering processes; it applies to both the initial states and final states.

In Eq. (7), a is a constant.

Umklapp processes between two conduction electrons do contribute to the

electrical resistivity. Because these processes involve a reciprocal lattice

vector, the wave functions of the electrons involved cannot be regarded as

simple plane waves, but must be treated as true Bloch functions having the

periodicity of the lattice. The results of this are to introduce into the

expression for the resistivity the square of an interference factor. Appar-

ently this factor is quite small, as the low temperature electrical resistivity

of most ordinary metals does not show the T2 temperature dependence expected

for such a resistive mechanism.

Substituting Eqs. (7) and (3b) into Eq. (6) yields

p - p + dT2 +A 1 A Aedx (8)
I 0 (-e-1)

Equation (8) has been used frequently in analyzing the experimental data and in

generating the recommended values for the electrical resistivity at low temper-

atures.
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2.2. Presentation of Data and Information

In each of the subsections in Section 3. electrical resistivity data and

information for each element are presented in the following order:

(1) A discussion text,

(2) A table of recommended values,

(3) A figure presenting experimental data as a function of temperature in
a log-log scale (for manganese, due to the relatively small number of
data sets, this figure is not given),

(4) A figure presenting recommended values and selected experimental data
(on which the recommendations were based) as a function of temperature
in a log-log scale,

(5) A figure presenting recommended values and selected experimental data
(on which the recommendations were based) as a function of temperature
in a linear scale.

(6) A table giving measurement information on the experimental data pre-
sented in the figures. and

(7) A table of experimental data for all the data sets listed in item 6
above.

In the discussion text on the electrical resistivity of each element.

individual pieces of available data and information are reviewed, details of

data analysis and synthesis are given, the considerations involved in arriving

at the final assessment and recommendation are discussed, the recommended

values and the experimental data are compared, and the uncertainties of the

recommended values are stated.

The recommended values are for well-annealed high-purity and unoxidized

specimens of the respective elements; however, those values for low tempera-

tures are applicable only to the particular specimens having residual electri-

cal resistivities as given at I K in the tables.

The recommended values uncorrected and corrected for the thermal expansion

of the element are both given in the table. The uncorrected and corrected

values are related by the following equation:

PcorrectedT) + L j Puncorrected(T), (9)

where AL - L - L0 and L and L0 are the lengths of the specimen at any tempera-

ture T and at a reference temperature T, respectively. The thermal expansion

correction for aluminum amounts roughly to about -0.5% to -0.9% at very low
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temperatures. zero at room temperature, about 0.5% at 500 K, and about 1.6%

near the mlting point of the element. For manganese, the correction is about

-0.3% at low temperature, zero at room temperature. and 0.8% at 500 K.

The recommended values in some cases are given with more significant fig-

ures than warranted, which is merely for tabular smoothness or for the conven-

ience of internal comparison. Hence, the number of significant figures given

in the table has no bearing on the degree of accuracy or uncertainty in the

values; the uncertainty in the values is always explicitly stated.

In the figures. a data set consisting of a single data point is denoted by

a number enclosed by a square, and a curve that connects a set of two or more

data points is denoted by a ringed number. These data set numbers correspond

to those listed in the accompanying tables providing measurement information

and tabulating numerical data for each of the data sets. When several sets of

data are too close together to be distinguishable, some of the data sets.

though listed and tabulated in the tables, are omitted from the figure for the

sake of clarity. The data set numbers of those data sets omitted from the

figure are asterisked in both tables providing the measurement information and

tabulating the experimental data.

The tables providing the measurement information contain for each set of

experimental data the following information: data set number. reference num -

ber, author(s), year of publication, experimental method used for the measure-

ment, temperature range covered by the data. name and specimen designation.

specimen composition, specification and characterization, and information on

measurement conditions, which are contained in the original paper. The experi-

mental methods used for the measurement of the electrical resistivity are indi-

cated in the column headed 'Method Used' in the table by the following code

letters:

A Direct-current potentiometer method

B Direct-current bridge method

C Alternating-current potentiometer methodI

K Direct heating method

P Van der Paw method

R Rotating magnetic field method



+ This symbol means either that the method described by the author Is
not sufficient for assigning a specific code letter or that the use
of a code letter would not convey enough of the information reported
in the research document. and therefore the method used is described
briefly in the last column of the table.

Details of these and other methods for the measurement of electrical resistiv-

ity may be found in the literature references given in Appendix 5.1. which

presents a couplete scheme for the classification and organization of the

methods.

In the tables tabulating the experimental data, all the original data

reported in different units have been converted to have the same units: the SI

units 10- 0 m. The recommended values generated are also given in the same

units. Conversion factors for the units of electrical resistivity, which may

be used to convert the electrical resistivity values in the SI units given in

this work to values in other units, are given in Appendix 5.2.



9

3. ELECTRICAL RESISTIVITY DATA AND INFORMATION

3.1. Aluminum

There is a large body of data and information available on the electrical

resistivity of aluminum. This includes data not only on very pure bulk mater-

ial (indicated by a SN purity, very large RRR of up to 46000, and very low

residual resistivity. P0 of the order of 10- 1 2 0 m) but also on thin films as

well as on effects such as those of cold-work, quenching, annealing, deforma-

tion, irradiation, and pressure. Over 190 data sets, mostly on the bulk mater-

ial as a function of temperature, are presented in this work.

The information on specimen characterization and on the measurement condi-

tion for each of the data sets is given in Table 2. The data sets are tabu-

lated in Table 3 and shown partially in Fig. 1. Only those data sets used in

the recommendation procedure are shown in Figs. 2 and 3.

The work reported in the last several years (data sets 1-67) is concentra-

ted on the study of the low-temperature behavior of the electrical resistivity

and the origin of the so-called DMR (deviation from Matthiessen's rule). It

has been reported that various scatterers such as impurities, dislocations, and

surfaces (as in the size effect) can change the temperature-dependent resistiv-

ity substantially and can produce large DMR. Many of the data sets reported in

Tables 2 and 3 can be rejected as the basis for estimation of the electrical

resistivity of pure aluminum because of the impurity content, cold work, or in-

adequate annealing of the samples. Other data sets are for specimens subjected

to procedure intended to produce oxidized surface layers. Most of the avail-

able data appears to be uncorrected for thermal expansion of the samples, al-

though this correction amounts to 1.6% near the melting point. Among the data

sets reported in Table 2, only the data of Cook et al. 2 2 (data set 69), Radenac

et al. 4 4 (data set 104). Wilkes53 (data set 11S) and of Simmons and Balluffi
7 4

(data set 150) are explicitly stated to have been corrected for thermal expan-

sion, and the opposite has been assumed in all other cases.

Deviations from Matthiessen's rule are quite significant in aluminum and

have been carefully studied. Ribot at al. 9 (data sets 1-21) concluded that

Matthiessen's rule is obeyed below 4.2 K. However, their studios do not extend

above this temperature. Another complicating factor is the importance of
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surface scattering for the resistance at low temperatures of pure samples in

the form of foils or wires of diameter much less than I mm, This size-depend-

ent contribution to the measured resistance, which is about proportional to T2 ,

is comparable to the temperature-dependent resistance at 2 K. Its role in the

reported low-temperature behavior of electrical resistivity for aluminum has

been the subject of study and disagreement. It is attributed to a change in

the electron distribution near the surface and is reported by van der Wass et

al. to depend only on the surface resistivity. Sample-dependent anomalies

complicate the study of the temperature dependence of the size effect below

4 K.

There has been an active interest in measuring and analyzing the bulk

resistivity of aluminum in the low-temperature range. Sambles et al. have

given an extensive list of effective single-power laws that have been used in

representing this resistivity over various temperature ranges below 60 K.

Generally speaking, the temperature dependent part of the resistivity drops

from T5 dependence above 20 K to a T2 dependence around 2 K. The careful stud-

ies of Ribot et al. 9 (data sets 1-21), based on their measurements of aluminum

samples with RRR up to 40600, yield a temperature dependent resistivity that

can be represented by AT2 + BTS below 2.2 K, with the T2 term dominant. This

form has been found to be useful by others over a considerably wider tempera-

ture range. The T2-dependence around 2 K has been confirmed by Garland and

Van Harlingen1 5 (data sets 48-54), van Kempen et al. 99  and Boysel et al. 1 00 .

According to the elementary theory of electron-electron scattering in metals,

it would give rise to a term in the resistivity, and the observed T2-depend-

ence of the electrical resistivity in aluminum around 2 K is comonly attri-

buted to this scattering. The observed T2 term is, however, much larger than

that given by the simple theory of electron-electron scattering. A promising
101

elaboration of the theory has been suggested by MacDonald . Other research-

ers who deal with this subject are Nakamichi and Kino10 (data sets 22-28).

Babic et al. (data sets 60,61). Aleksandrov and D'yakov 6 8 (data sets 139-

141), Senoussi and Campbell 3 2 (data sets 85,86). and Refs. 104-108.

The recommended values for the electrical resistivity at low temperatures

are based on the data of Nakamichi and Kino1 0 (data sets 22-28) who studied

samples of such high purity that surface scattering of the carriers became a

significant factor in small wires or thin foils. Specifically, their values
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for the resistivity of bulk aluminum (data set 28), derived by extrapolating

their results for thicker and thicker samples, were used as the basis for the

recommended values below 40 K. These are the representative values to be ex-

pected for bulk samples with p0 of the order 10-12 0 m, or RRR approaching

27000. From 40 to 400 K. the recommended values follow closely the data of

Cook eta&.22 (data set 69), Seth and Woods4 5 (data set 105), Wilkes 53 (data

set 115) Moore et al. 6 0 (data set 125), and of Simmons and Balluffi7 4 (data set

150). From 400 K to the melting point, the recommended values are based on the

reasonably concordant (allowing for the different treatments of thermal expan-

sion) results of Kedves et al. 2 8 (data set 79). Redenac et al.44 (data set

104), and of Logunov and Zverev4 8 (data set 109). It is worth noting that

their data show a progressive increase in the electrical resistivity values

above the expected linearly extrapolated values above 700 K. This was attri-

buted by Simmons and Balluffi74 to scattering by thermally generated point

defects of the type which add atomic sites (vacancy-type defects).

There are about 15 data sets available for the electrical resistivity of

aluminum in the liquid region. The temperature range covered by these data

sets is from 933 to 1973 K. There is a general agreement (±5%) between most of

the data sets. The recommended values in the liquid region are based on these
35data sets, giving weight to the data of Romanova and Persion (data set 89).

40 63 7Levin et al. (data set 95), Powell et al. (data set 130), Roll et al.7 8

88(data set 157), and of Matuyama (data set 181).

The recommended values for the electrical resistivity given in Table 1 and

shown in Figs. 2 and 3 are for well-annealed unoxidized aluminum of purity

99.99% or higher, but those below 40 K apply specifically to samples with p0  ,

1.00 x i012 0 a. The table gives both values uncorrected and corrected for

thermal expansion, while Figs. 2 and 3 show only the uncorrected recommended

values along with the experimental data which were used to generate these val-

ues. Thermal expansion values needed to carry out thermal expansion correction

were taken from ref. 109. The uncertainty in the recommended values is estima-

ted to be within ±1% below 400 K, ±2% from 400 K up to the melting point, and

about ±3% for the liquid.

As mentioned earlier, electrical resistivity measurements for aluminum

reported in the literature are not only for bulk material but also for aluminum

under various physical as well as thermal conditions. Additional information

.1
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is available in refs. 110-188. In the following paragraphs, an attempt is made

to sort the source documents to highlight important effects.

The electrical resistivity studies at low temperature of thin films is of

great interest to many researchers. The main purpose of the study appears to

study so-called 'size effect.' Somes of the works are cited above. The effect

of grain boundary scattering on the electrical resistivity was reported by
P 18 9  190

Bandyopadhyay and Pl and by Andrews et &I. . Additional information on

the thin films in general is reported in refs. 191-211.

Properties such as specific heat as well as electrical resistivity show a

progressive increase above the linearly extrapolated values at high tempera-

tures. As mentioned earlier, this increase is ascribed to scattering by ther-

mally generated point defects. Several semiempirical approaches to calculate

contribution to vacancy-type defects have been proposed by various investiga-

tors. In addition to the study of Simons and Balluffi 74 reported here, the

readers are directed to refs. 212-230.

The lattice defects of solids induced at low temperature by irradiation

have received considerable attention in the recent years. These studies are

reported in refs. 231-250. The effect of deformation on the electrical resis-

tivity is also an equally well investigated area. Interested readers may refer

to refs. 251-269 for information on the electrical resistivity of deformed

aluminum. Last but not least, magnetic field effects are reported in refs.

270-277, effects of heat treatment, quenching, and cold-working are given in

refs. 278-290, and effects of high pressure are discussed in refs. 291-296.
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TABLE 1. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF ALUNINUMa

[Temperature. T, KIs Electrical Resistivity, p. 10-8 0 a]

T P T P

uncorrected corrected uncorrected corrected

1 0.000100 0.000100 700 7.350 7.322
2 0.000102 0.000102 800 8.700 8.614
4 0.000109 0.000109 900 10.18 10.005
7 0.000139 0.000140 933.52 10.74(s) 10.561(s)

10 0.000193 0.000192 933.52 24.77(Q)

1s 0.000346 0.000345 1000 25.88
20 0.000755 0.000748 1100 27.46
25 0.00187 0.00186 1200 28.95
30 0.00453 0.00451 1300 30.38
40 0.0181 0.0180 1400 31.77

so 0.0478 0.0476 1500 33.11
60 0.0959 0.0955 1600 34.40
70 0.1624 0.1618 1700 35.69
80 0.245 0.2439 1800 36.93
90 0.339 0.338 1900 38.18

100 0.442 0.440 2000 39.34
150 1.006 1.003
200 1.587 1.584
250 2.157 2.155
273 2.417 2.417

293 2.650 2.650
300 2.733 2.733
400 3.866 3.875
500 4.995 5.020
600 6.130 6.122

aThe values are for well-annealed aluminum of purity 99.99% or higher, but
those below 40 K apply specifically to samples with po - 1.00 x 10-12 a a.
The columns headed uncorrected and corrected refer to values uncorrected and
corrected for thermal expansion, respectively. Solid line separating tabular
values indicates solid to liquid state transformation.
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3.2. Manganese

There are 16 references available reporting temperature dependence of the

electrical resistivity from 1 to 1873 K. However, the data are highly contra-

dictory, and in several cases disagree both qualitatively and quantitatively.

Further careful measurements on purer samples covering the entire temperature

range, especially above 300 K and below 20 K, are required and strongly recom-

mended. The information on specimen characterization and on measurement condi-

tion for each of the data sets is given in Table 5. The data sets are tabu-

lated in Table 6 and partially shown in Figs. 4 and 5.

Electrical resistivity data on polycrystalline manganese reportee earlier

are much higher than those reported recently. These differences may be possi-

bly due to the low purity and insufficient heat treatment of the manganese

samples studied earlier. Neaden and Pelloux-Gervais3 02 demonstrated that the

room-temperature electrical resistivity dropped from 205 10- 8 0 m to 144.2 x

10- 8 0 m after annealing the specimen at 898 K.

Meaden3 03 (data set 10). Bellou and Coles 30 6 (data set 14). and White and

Woods30 7 (data set 15). have reported T2 dependence of the temperature-depend-

ent resistivity (pi) below 17 K. This was confirmed by Nagasawa and Souba
3 00

(data set 4) and by Nurayama and Nagasawa3 10 (data set 19). The recommended

values from 20-325 K are based on the generally agreed upon data of Nagasawa
300 .302and Senba (data set 4), Meaden and Pelloux-Gervais , (data set 12). Bellou

and Coles 3 06 (data set 14). and of White and Woods30 7 (data set 16). The rec-

ommended values below 20 K for p0 
= 6.9 a 10- 8 a a are based on the data of

Meaden3 03 (data set 10) and Meaden and Pelloux-Gervais3 0 4 (data set 12).

An appreciable spin-disorder contribution is indicated by large resistiv-

ity values. It appears that the spin-disorder contribution generally present

at higher temperatures still remains at liquid helium temperatures. The tem-

perature dependent resistivity (pi) falls linearly and slowly with temperature

below 325 K. It goes through a minimum at about 94 K. and then remains practi-

cally constant for 4 to 5 degrees before increasing to a weak maximum at 70 K.

Below this temperature, pi drops very rapidly, finally becoming proportional to

T2 below 17 K.
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Alpha-Mn is a stable phase below 980 K and has a complex cubic (A12)

crystal structure with 58 atoms in the unit cell. At 980 K. a-fn transforms to

P-Mn which has a complex cubic structure (A13) with 20 atoms in the unit cell.

It is possible to retain the A phase at room temperature by rapid quenching

from 980-1300 K. Brunke3 11 obtained a value of 91 z 10- 8 0 m for the electri-
312 313

cal resistivity of p-Mn. Potter et al. and Erfling have reported about
-8

40 x 10 80 m for the room-temperature electrical resistivity of fct y-Mn.

Nigh-temperature 6-Mn with a bcc structure is stable between 1411 and 1519 K.

There are only two data sources available in the temperature range 325-

1519 K. Grube and Speidel308 (data set 17) reported that the resistivity of

manganese increases slowly with increasing temperature from 325 to 980 K and

then decreases sharply from 980 to 1519 K. However, Akshentsev et al. 3 0 1 (data

sets 5,6) reported that the electrical resistivity rises sharply between 800-

980 K. then slowly from 980 to 1300 K followed by a slow decrease from 1300 to

1400 K and then further increases. The reliability of these results is ques-

tionable. Room-temperature electrical resistivity of Grube and Speidel 3 0 8

(data set 17) is twice as much as the recommended value, and indicates a high

impurity in their sample. The value of 38 x 10-8 0 m at 800 K for the electri-

cal resistivity reported by Akshentsev et al. 3 01 (data set 5) is far lower than

the recommended room-temperature value of 144 z 10- 8 0 m. Therefore, these

data are rejected. The recommended values from 325 to 700 K are obtained by

extrapolating the low-temperature data.

The published work on the electrical resistivity of molten manganese is
301equally contradictory. For instance, Akshentsev et al. (data set 6) re-

ported an increase in the resistivity with temperature, contrary to the results
298 305

of Levin et al. (data set 2) and of Vostryakov et al. (data set 13) who

reported a decrease in the resistivity with temperature. On the other hand.

Grube and Speidel308 (data set 17) reported a constant value of 40 z 10- 8 0 m

from 1523 to 1543 K. Summarizing this, the electrical resistivity at the melt-

ing point varies from 40 to 190 x 10 0 m. Therefore, the available data and

information at and above melting point cannot be used for meaningful data anal-

ysis. Consequently, no recommendations were made for the electrical resistiv-

ity of manganese in the melting region.

The recommended values of the electrical resistivity given in Table 3 and

shown in Figs. 4 and 5 along with the experimental data are for manganese of
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purity 99.99% or higher, but those below room temperature are applicable

specifically to manganese with p0 = 6.90 x 10 8 m. The table gives both

values uncorrected and corrected for thermal expansion, while the figure shows

only the uncorrected values. The thermal expansion values needed for such cor-

rection are taken from ref. 314. The uncertainty in the recommended values is

estimated to be within +10% from 7 to 100 K and above 300 K, and +5% below 7 K

and from 100 to 300 K.

The effect of a magnetic field on the resistivity of manganese at low

temperature is relatively small compared with that for pure copper. Meaden 3 03

found that a magnetic field of 18.5 kOe increases the resistivity by 10.5% at

4.2 K, 9% at 5.4 K, 8% at 5.9 K, and 0.2% at 77 K. Murayama and Nagasawa310

(data set 19) studied temperature and magnetic field dependence of the resis-

tivity of polycrystalline a-Mn and observed that the anomalously large coeffi-

cient of T2 term in the low temperature resistivity decreased appreciably for

an increase in the applied field, suggesting the suppression of spin fluctua-

tions in the antiferromagnetic a-Mn by the high applied field. Those readers

seeking additional information on the effect of magnetic field on the electri-

cal resistivity of manganese are directed to refs. 315-341.

Adana and Grassie 2 97 (data set 1) studied the temperature dependence of

the electrical resistivity of a thin manganese film. For a film of thickness

4000 A formed on a thin glass substrate, they found that the resistivity de-

creased linearly as the temperature was reduced from room-temperature, then

passed through a minimum at -120 K and a maximum at -70 K, followed by a sharp

drop before going through another minimum at 22 K. These features of the re-

sistivity of thin films, with the exception of the minimum at -22 K, are quali-

tatively similar to those reported for bulk specimens reported by Meaden and

Pelloux-Gervais3 0 2 (data set 12) and by White and Woods30 7 (data sets 15.16).

Additional information/data on films are reported in refs. 342-350. The pres-

sure dependence of the electrical resistivity is reported in refs. 352-355.
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TABLE 4. RECOMIENDED VALUES FOR TIE ELECTRICAL RESISTIVITY OF MANGANESE8

[Temperature, T, K; Electrical Resistivity, p, 10-8 0 ml

T P T P

uncorrected corrected uncorrected corrected

0 6.90 6.88 94 131.9 131.4
1 7.02 7.00 100 132.5 132.1
4 8.82 8.79 150 136.3 135.9
7 12.78 12.74 200 139.4 139.1

10 18.90 18.84 250 142.0 141.9

15 33.9 33.8 273 143.1 143.0
20 53.8 53.6 293 144.0 144.0
25 75.8 75.6 300 144.2 144.2
30 93.7 93.4 350 145.9 146.1
40 116.0 115.6 400 147.3 147.7

50 126.5 126.1 500 149.4 150.1
60 131.2 130.7 600 150.9 152.1
70 133.0 132.5 700 151.9 153.6
80 132.5 132.0
90 132 131.5

aThe values are for well-annealed manganese of purity 99.99% or higher, but

those below room temperature are ap licable specifically to manganese having a

residual resistivity of 6.90 x 10-FID m. The columns headed uncorrected and
corrected refer to values uncorrected and corrected for thermal expansion,
respectively.
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5. APPENDICES

5.1. Methods for the Measurement of Electrical Resistivity

At the Center for Information and Numerical Data Analysis and Synthesis

(CINDAS) of Purdue University, the experimental methods for the measurement of

electrical resistivity have been classified into various categories according

to a similar scheme used by CINDAS for the classification of methods for the

measurement of thermal conductivity [356, pp. 13a-25a]. This classification

scheme of CINDAS is presented below. Note that the letters in parentheses fol-

loving the respective methods are the code letter used in the 'Method Used'

column of the Table of Measurement Information for indicating the experimental

methods used by the various authors.

Methods for the Measurement of Electrical Resistivity

A. Steady-State Methods

1. Voltmeter and ammeter direct reading method (V) [357, p. 159; 358, pp.
244-5]

2. Direct-current potentiometer method (A) [359. pp. 151-8]

a. 4-probe potentiometer method

3. Direct-current bridge methods (B) [359, pp. 144-51]

a. Kelvin double bridge method

b. Mueller bridge method

c. Wheatstone bridge method

4. Van der Pauw method (P) [360,361]

5. Direct heating method (K) [362,363]

B. Non-Steady-State Methods

1. Periodic current method

a. Direct connection to sample

(1) Alternating-current potentiometer method (C) [359. pp. 161-2]
(2) Alternating-current bridge method (D). [359, p. 162]

b. No connection to sample

(1) Rotating magnetic field method (R) (364]

-mK-OT
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5.2. Conversion Factors for the Units of Electrical Resistivity

The recommended values and experimental data for the electrical resis-

tivity tabulated in this work are in the units: 10- 8  m. Conversion factors

for the units of electrical resistivity, which may be used to convert the

values given in (10- 8 11 m) to values in other units, are given below.

Conversion Factors for the Units of Electrical Resistivity

Multiply the Value

Units to be Converted to Given in (10-8 0 m) by

ohm-meter (a m) 1 x 10-8

ohm-centimeter (9 cm) I x 10- 6

ohm-inch (91 in.) 3.937 z 10- 7

ohm-foot (W ft) 3.281 x 10-8

microohm-centimeter (pQ on) 1

abohm-centimeter (abO cm) 1 X 103

statohm-centimeter (statl cm) 1.113 x 10-18

emu (-abA cm) 1 x 103

esu (- statA cm) 1.113 X 10-1

ohm-circular nil per foot (0 cmil ft- ) 6.015

Example: 1.000 z 10-8 0 m = 3.937 x 10- U I in..
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